In this work, the electronic properties of Fe-doped CuO (Cu 1-x Fe x O) thin films are studied by using a standard density functional theory (DFT) based on the ab-initio approach under the Korringa-KohnRostoker coherent potential approximation (KKR-CPA). This study is carried out in the framework of the general gradient approximation (GGA) and self-interaction-corrected (SIC). The density-of-states (DOSs) in the energy diagram are illustrated and discussed. The computed electronic properties of our compounds confirm the half-metalicity nature of this material (CuO). In addition, the absorption spectra of the studied compound within the Generalized Gradient Approximation GGA, as proposed by Perdew-BurkeErnzerhof (PBE) and GGA-PBE -SIC approximations are examined. Compared with the pure CuO, the Fermilevels of doped structures are found to move to the higher energy directions. Finally, the effect of Fe-doping method in CuO can transform the material to half-metallic one, with a high wide impurity band in two cases of approximations local density approximation (LDA) and SIC method.
Introduction
The diluted magnetic semiconductors (DMS) are the basis of new materials. They have shown interesting results for new generation of spintronics devices. These materials are obtained by the substitution of a nonmagnetic semiconductor by transition metal (TM) elements such as Co, Mn, Ni, Cr and Fe [1] . The DMSs showed a high Curie temperature T c and half-metallic behaviors. As well as other transition metal oxides, the Copper Oxide (CuO) material has anti-ferromagnetic ground state [2] . As a narrow band gap semiconductor, the CuO has been proved to be a good host material for diluted magnetic semiconductors [3, 4] .
Recently, extensive studies have been carried out in transition elements-doped CuO on account of their potential uses in many technological fields such as: spintronics [5] [6] [7] , memory devices [8] , optoelectronics [9] , gas sensors [10] [11] [12] [13] , solar cells [14] and more other applications [15] [16] [17] [18] [19] [20] [21] [22] [23] .
To study the electronic properties of CuO, many theoretical techniques have been used like B3LYP (Becke three parameters, Lee, Yang and Parr) [24] , PWPP-LSDA (Plane Wave Pseudo Potential-Local Spin Density Approximation) [25] , CIPSI (Configuration Interaction by Perturbation Selected Iteratively) [26] , CASSCF (Complete Active Space Self Consistent Field) [27] , LSDA (Local Spin Density Approximation) [28] and PBE-GGA (Perdew functional with Generalized Gradient Approximation) [29] methods.
In this paper, we are interesting in the study of electronic properties of Cu 1-x Fe x O for specific concentration values (x=0.05, 0.10, 0.15), using the density function theory (DFT) under the Korringa-Kohn-Rostoker (KKR) method as well as the coherent potential approximation (CPA) with LDA (local density approximation) and SIC (self-interaction-corrected) approximations. This article is organized as follows: in next section we discuss the method and computational details. Section 3 illustrates a sketch of geometry of the studied compound. In section 4, we give results and discussion. Section 5 is devoted to a conclusion of this work.
Computational details
We use the Korringa-Kohn-Rostoker (KKR) method combined with the coherent potential approximation (CPA) within the local spin density approximation (LSDA) to study the electronic structure. This has the advantage of taking into account the randomness of the impurity elements. To parameterize the exchange energy we used the Generalized Gradient approximation (GGA) [30] . For more realistic description of the disordered local moments of the materials under investigation, the self-interaction corrected "SIC" approach is applied. This
Crystal Structure
Copper oxide (CuO) is commonly known as a Tenorite and p-type semiconductor with a band gap of 1.2 eV [37] . The crystal structure of CuO is monoclinic (see figure1) with C2/c symmetry, the dimension of unit cell is a= it is difficult to model the transition metal oxides [38] . Since the local density (LDA) [39] and the generalized gradient approximations (GGAs) [40] do not consider the exchange and the correlation effects in transition metal oxides thus this leads to important self-interaction errors. For that reason, it is necessary to introduce the selfinteraction correction (SIC) [41] , and also the DFT+U [42] methods. On the other hand, the GW approximations (GWA) [43] give more precious results for the compound CuO [44] [45] . The most used compound as a Mott or charge transfer insulator is the compound CuO in the energy band gap between 1.4 -1.7 eV [46] [47] [48] [49] .
As known in the literature, the CuO shows a local magnetic moment of 0.65-0.69 μB [50] , per formula unit.
From figure 2(a), it is shown that there is no band gap in the GGA PBE approximation. But, when introducing the SIC approximation, this band gap arises as it is illustrated in figure 2(b). This is due to delocalization of electrons in such materials and nonzero self-interaction errors of DFT. When doping a semiconductor the Fermi level is displaced towards a high energy values. This is due to the fact that the doping action enhances the stability of the compound corresponding to the low energies. Furthermore we used the difference of energy: E-E f . Our results are in good agreement with this statement, see figure 2.
On the other hand, the d-states cross the Fermi level with nonmagnetic states on the Cu atoms are illustrated in Figure 3 . In addition, a direct band gap is shown in this figure at the Г band reached at 1.5 eV. The magnetic moment is 0.67 μB as it is illustrated in figure 2(b). When exploring the experimental studies, the magnetic moment and band gap for CuO seem to be in good agreement with those found in the literature [46] [47] [48] [49] [50] . The transition from 'd' level to 't' and 'e' parts are separated by the crystal field effects. We illustrate in figure 4 the total and partial density of states (DOS) of the samples for the Fe-doping concentrations (5% and 10%). The results are obtained by the GGA PBE and the GGA PBE-SIC approximations (see Figure 4) . Indeed, the effect of the crystal field environment is to split the atomic 3d level into five-time degenerate t and e subgroups. The states t 2g and e g are less localized in the valence band states. A near half-metallic behavior is found for the studied of Fe-doped CuO, according to the electronic structure calculations.
In order to highlight the inaccuracy of the GGA PBE, to describe the electronic structure, we introduce the SIC approximation with GGA PBE-SIC. The figure 4 illustrates the near half-metallic behavior in Fe, but no halfmetallic behavior is shown in the compound Cu 1-x Fe x O. This is in contradiction with the other investigation [51] .
The 3d levels of Fe-doped CuO are slightly shifted to a lower energy. This is due to the correction introduced by the SIC-GGA PBE calculations, see figure 4 for 5% and 10%. The valence band enhances the p-d hybridization according to the GGA-SIC approximation and localizes the 3d impurities level in the bottom of this energy band.
Moreover, increasing the Fe-doping effects is to enhance the band gap value from 1.5 eV to 3.1 eV.
The Table I The magnetic energy difference ∆E between the FM and the DLM is calculated by:
This magnetic disorder is conveniently treated by the concept of a DLM state [52] [53] . Two components of one magnetic atom are considered in the DLM states, in opposition to the magnetization directions.
As it is seen in table II, the calculated magnetic energy is compared with GGA and GGA-SIC approximations.
From this table, it is found that the introduction of GGA-SIC approximation leads to important values of the energy differences compared to GGA without SIC approximations. Therefore, the critical temperature values are remarkably increased according to equation (2):
Where C is the doping concentration and K B is the Boltzmann constant. The DLM state is described by Cu 1−x Fe x/2↑ Fe x/2↓ O and the ferromagnetic state is described by Cu 1−x Fe x↑ O.
The paramagnetic states of ferro-magnets are well described by the DLM states, see Ref. [54] .
From the table II, it is well seen that the ferromagnetic state is the stable one for the Fe-doped CuO compound.
Regarding the Katayama-Yoshida and Sato rule, the ΔE values are better described in the density of states.
The system exhibit a ferromagnetic state since its energy is so that: ∆E > 0 which corresponds to the ferromagnetic phase, see table II.
Within GGA-SIC Approximation, it is well known that the more positive larger ∆E corresponds to the more stable ferromagnetic state of the studied Fe doped CuO components.
The Curie temperature (T C ) is investigated from the total energy difference ∆E according to equation (2), in the framework of the Mean Field Approximation (MFA). 
Absorption Spectra
Optical spectroscopy is another powerful method that allows the study of the electronic structure of crystals;
this method has its advantages to complete the physical interpretation of the extracted information from the density-of-state (DOS). The absorption spectra of Cu 1-x Fe x O within GGA PBE and GGA PBE -SIC approximations are shown in Figure 5 . It corresponds to transitions of 1s electrons of TM to empty states above the Fermi level. Meanwhile, other transitions are observed in this energy range as the transitions of 2s electrons.
These transitions give only a very smooth contribution to the absorption spectrum while the absorption caused by transitions of 1s electrons changes very much near the absorption K-edge. That explains why the structure of the K-edge absorption spectra is determined by transitions of 1s electrons. Using the dipole approximation and taking into account these transitions, one can evaluate the absorption coefficients µ(E) [55] [56] :
Where: Ψ 1s is the wave function of a 1s electron, Ψ 4p is the wave function of a 4p empty state, n 4p is the density of 4p states above the Fermi level, e is the light polarization.
When Fe atom is in a substitution position in the host semiconductor CuO, it is surrounded by six oxygen atoms located on the vertices of an octahedron environment. The octahedral crystal field of oxygen ions splits 3d-states of Fe, which are mainly located in the band gap, into e g and t 2g levels with e g below t 2g [57] [58] [59] . Exchange interactions further split these states into spin-up (↑) and spin-down (↓) states. Due to the tetrahedral arrangement of the ligands, the t 2g -states of the Fe atoms hybridize with Fe 4p-states. The states resulting from hybridization of the deeper t 2g ↑-states show mainly Fe -3d character. From Figure 5 , the outline of the main result and comparison is as follows: first the Fe-doped CuO K-edge within GGA PBE and GGA PBE -SIC exhibit a weak shoulder on a rising absorption curve that culminates in a strong peak. This shoulder is caused by the transition 1s to 4p that is authorized as an effect of the 4p-3d mixing due to the 4p-3d hybridization. In fact, the discrepancy between the results obtained between GGA and GGA-SIC results: in the first case, the correlation effects are not treated properly. In the second case, the localization of the 4p orbital of Fe in the valence band is overestimated. The shape of the spectra does not depend on the Fe content in CuO. Therefore, the Fe atoms have the same valence and local crystal structure in all the samples. 
Conclusion
The electronic structures for Cu 1-x Fe x O have been investigated using the KKR-CPA method in connection with GGA without and within SIC corrections, respectively. The study of the electronic structure, the magnetic moment and absorption spectra of the investigated films with different concentration of iron Fe have been performed and discussed. Compared with the pure CuO, the Fermilevels of the doped structures move to the higher energy directions. Finally, the increasing concentration of Fe-doping CuO can render the material half-metallic with a high wide impurity band in the framework of the two approximations LDA and SIC.
